In this study we characterized the chaperone functions of Xenopus recombinant Hsp30C and Hsp30D by using an in vitro rabbit reticulocyte lysate (RRL) refolding assay system as well as a novel in vivo Xenopus oocyte microinjection assay. Whereas heat-or chemically denaturated luciferase (LUC) did not regain significant enzyme activity when added to RRL or microinjected into Xenopus oocytes, compared with native LUC, denaturation of LUC in the presence of Hsp30C resulted in a reactivation of enzyme activity up to 80-100%. Recombinant Hsp30D, which differs from Hsp30C by 19 amino acids, was not as effective as its isoform in preventing LUC aggregation or maintaining it in a folding-competent state. Removal of the first 17 amino acids from the N-terminal region of Hsp30C had little effect on its ability to maintain LUC in a folding-competent state. However, deletion of the last 25 residues from the Cterminal end dramatically reduced Hsp30C chaperone activity. Coimmunoprecipitation and immunoblot analyses revealed that Hsp30C remained associated with heat-denatured LUC during incubation in reticulocyte lysate and that the C-terminal mutant exhibited reduced affinity for unfolded LUC. Finally, we found that Hsc70 present in RRL interacted only with heat-denatured LUC bound to Hsp30C. These findings demonstrate that Xenopus Hsp30 can maintain denatured target protein in a folding-competent state and that the C-terminal end is involved in this function.
INTRODUCTION
Heat shock proteins (Hsps) function as molecular chaperones aiding in the folding and translocation of cellular proteins under normal conditions and protecting cellular proteins under stressed conditions (Arrigo and Landry 1994; Feige et al 1996; Waters et al 1996) . The 3 major families of Hsps consist of the high-molecular weight Hsp90s, the Hsp70 family, and the small-molecular weight Hsps. Whereas the Hsp90 and Hsp70 families are conserved in a wide range of organisms, the small Hsps exhibit a very low degree of conservation, with the exception of an ␣-crystallin domain consisting of 80-100 amino acids. Small Hsps and ␣-crystallins can form highly polymeric structures that are believed to be necessary for function within the cell (Arrigo and Landry 1994; Waters et al 1996; Smykal et al 2000) . Various in vivo func-tions have been suggested for small Hsps, including stress resistance, actin capping and decapping activity, cellular differentiation, modulation of redox parameters, and prevention of apoptosis (Lavoie et al 1993; Merck et al 1993; Arrigo and Landry 1994; Huot et al 1996; Ehrnsperger et al 1997a; Liang et al 1997; Mehlen et al 1997; Muchowski et al 1997; Arrigo 1998; Mehlen et al 1999; Morrow et al 2000; Samali et al 2001) .
Small Hsps are developmentally regulated during animal embryogenesis in a range of organisms, including nematode, Drosophila, brine shrimp, mouse, and rat (Stringham et al 1992; Marin et al 1993; Tanguay et al 1993; Mirkes et al 1996; Liang and MacRae 1999) . Our laboratory has been involved in studying the heat-inducible, developmental regulation of 2 members of the Xenopus small hsp30 gene family, hsp30C and hsp30D. Whereas hsp30C is first heat inducible at the early tailbud stage of development, hsp30D is not stress inducible until 1 day later at the midtailbud stage (Krone et al 1992; Ohan et al 1998) . In situ hybridization studies revealed the pres -Fig 1. A diagram of Xenopus Hsp30C and mutants. The N-terminal mutant N-30C lacking the first 17 amino acids and the C-terminal mutant C-30C with the last 25 amino acids deleted were created by polymerase chain reaction-directed mutagenesis. The textured region is the estimated ␣-crystallin domain, whereas the ␣-crystallin consensus sequence is contained within the black rectangle.
ence of an unidentified hsp30 gene family member(s) that was expressed constitutively in the cement gland of early tailbud embryos (Lang et al 1999) . Additionally, heat shock treatment of these embryos induced preferential accumulation of hsp30 message in selected tissues. At the protein level, Hsp30 isoforms were synthesized in a developmentally-regulated and tissue-specific pattern (Tam and Heikkila 1995; Lang et al 1999) . Furthermore, it was determined that heat-induced Hsp30 protein formed high-molecular weight complexes (Ohan et al 1998) . Recently, in an analysis of the functional role of these Xenopus small Hsps, we determined that recombinant Hsp30C (30C), which was recovered as multimeric complexes, was capable of acting as a molecular chaperone (Fernando and Heikkila 2000) . Hsp30C protected citrate synthase (CS) and luciferase (LUC) against heat-induced aggregation by binding to these target proteins and maintaining them in a soluble state. Deletion mutant analysis revealed that the C-terminal end of 30C was required for optimal protection against heat-induced target protein aggregation.
In the present study, we have extended our analysis of the chaperone function of 30C and show that heat or chemical denaturation of LUC in the presence of 30C can maintain this target enzyme in a folding-competent state. Furthermore, Hsp30D, which differs from Hsp30C by 19 amino acids, was not as effective a chaperone as its isoform. Finally, we show that the C-terminal of 30C is required for its chaperone function. These analyses were performed using an in vitro rabbit reticulocyte lysate (RRL) refolding assay as well as a novel in vivo Xenopus oocyte microinjection assay.
MATERIALS AND METHODS

Preparation of 30C and 30D
Previously in our laboratory, the reading frames of Xenopus 30C and the end-terminal mutants, N-30C and C-30C (Fig 1) , were amplified and cloned into pRSETB expression vectors (Fernando and Heikkila 2000) . Recombinant 30C proteins were expressed in E coli and purified as previously described (Fernando and Heikkila 2000) . The entire open reading frame of Xenopus hsp30D (Krone et al 1992) was amplified by polymerase chain reaction (PCR) such that a BamHI site was created 5Ј to the start codon, and a HindIII site was created 3Ј to the translational stop codon. The resulting fragment was gel purified, digested with HindIII/BamHI, inserted into the corresponding sites of a pRSETB expression vector (Invitrogen, Burlington, ON), and verified by deoxyribonucleic acid (DNA) sequencing. The resultant hsp30D-pRSETB vector was transformed into E coli BL21 (DE3) cells and grown at 37ЊC in M9 media overnight (Studier et al 1990) . M9ZB media were inoculated with the overnight culture and grown to an OD 600 of 0.6. Expression of hsp30D gene was induced by the addition of 0.4 mM isopropyl-␤-D-thiogalactopyranoside (IPTG), and it was allowed to grow for 20 hours (Studier et al 1990; Kroll et al 1993) . Recombinant protein was purified by means of nickel affinity column chromatography, as detailed in Fernando and Heikkila (2000) . The concentrations of the proteins were calculated using a bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL, USA).
Thermal aggregation assays
Aggregation assays were carried out as previously described (Fernando and Heikkila 2000) . CS and LUC at 150 nM monomer concentrations were mixed with various molar amounts of 30D protein or incubated alone in a 50 mM N-2-hydroxythylpiperazine-NЈ-2-ethane-sulfonic acid (HEPES)-KOH (pH 7.5) buffer and heated at 42ЊC. Light scattering was determined at 10-minute intervals in a Beckman DU7 spectrophotometer at 320 nm. An increase in absorbance was indicative of protein aggregation.
Reticulocyte lysate LUC reactivation assay
LUC reactivation assays were carried out essentially as described by Lee et al (1997) . LUC (0.2 M) was incubated in refolding buffer (5 mM MgCl 2 , 10 mM KCl, 2 mM adenosine triphosphate (ATP), 125 mM HEPES-KOH (pH 7.5), and 2 mM dithiothreitol ) in the presence or absence of 0.2-10 M (monomer concentration) 30C, 30D, N-30C, or C-30C at 22ЊC or 42ЊC for 15 minutes. Five microliters of the mixtures were added to a solution of 9 L RRL (Promega, Madison, WI, USA) and 1 L of 0.1 M ATP equilibrated to 30ЊC. Samples (2 m) were taken at various time points during incubation at 30ЊC and added to 48 L of 50 mM HEPES-KOH (pH 7.5). The mixtures were then vortexed and diluted 10-fold into LUC reagent solution (Promega). LUC enzyme activity was monitored by a luminometer. In some experiments, LUC (0.05 M) was incubated in the presence of 0.5 M GuHCl for 1 hour at 22ЊC in the presence or absence of 1.5 M 30C, N-30C, or C-30C. Samples (1 L) were removed and added to 24 L refolding buffer. Five microliters samples were then taken and added to the RRL-ATP solution, as described previously.
Xenopus oocyte LUC reactivation assay
LUC was heat or chemically denatured as described in the preceding sections. Following denaturation, samples were diluted into 50 mM HEPES-KOH (pH 7.5). Microinjection needles were made from 7.7 cm capillary tubes (Drummond) using a microelectrode puller (Harvard, St. Laurent, Quebec). Heat-denatured LUC mixtures in HE-PES-KOH (27.6 nL containing 1.38 fmol LUC) were microinjected into Xenopus oocytes using a Nanoject microinjection apparatus (Drummond, Broomall, PA, USA). Five oocytes were removed at various time points and added to 20 L refolding and solubilization buffer (5 mM MgCl 2 , 10 mM KCl, 2 mM ATP, 2 mM DTT, 2% protease inhibitor cocktail, in 125 mM HEPES-KOH). The oocytes were homogenized using a tissue homogenizer, and mixed by vortexing. The relative LUC activity was measured as described previously.
Immunoprecipitation analysis
Immunoprecipitation analysis was carried out as described by Lee and Vierling (2000) . LUC (0.2 M) in refolding buffer was heat denatured in the presence or absence of 6 M 30C, N-30C, or C-30C, as described previously. Following heat denaturation, 25 L of the mixtures was added to 45 L RRL and 5 L ATP, and incubated at 30ЊC. Samples (18 L) were taken at various time points and added to 350 L of immunoprecipitation buffer (1.0 M NaCl, 10 mM Tris-HCl [pH 8.0], 1% Triton X-100, 0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate [SDS] , 100 g/mL ovalbumin), followed by 20 L of 10 mg/mL protein A suspension. After mixing either overnight at 4ЊC or for 1 hour at 22ЊC, the protein A beads were pelleted at 14 000 rpm for 10 minutes at 4ЊC. Six microliters of anti-LUC antibody (Cortex, Biochem Inc, San Leandro, CA) or rabbit anti-30C polyclonal antibody (Fernando and Heikkila 2000) were then added to the lysates and incubated at 4ЊC on a shaker overnight. The following day, 40 L of 10 mg/mL protein A suspension was added to the mixtures and left to shake at 4ЊC overnight. Protein A beads were then removed by centrifugation at 14 000 rpm for 10 minutes at 4ЊC. The beads were washed 3 times with immunoprecipitation buffer for 10 minutes and twice with 50 mM Tris-HCl [pH 6.8], 300 mM NaCl, 1% Triton X-100 for 15 minutes. The beads were then added to 5 L of 5ϫ protein loading dye (0.0625 M Tris [pH 6.8], 10% glycerol, 2% SDS, 5% ␤-mercaptoethanol, 0.00125% bromophenol blue) and stored at Ϫ20ЊC for up to 3 days. Samples were then subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblot analysis, as described earlier.
PAGE and immunodetection
SDS-PAGE was performed in 12% acrylamide gels using a BioRad Mini Protean II Gel system. Proteins were transferred to polyvinylidene difluoride membranes (Millipore, Nepean, ON) using a BioRad Mini Trans-Blot Transfer system according to the manufacturer's instructions. Immunodetection was carried out using an affinitypurified polyclonal anti-30C antibody (Fernando and Heikkila 2000) or a mouse monoclonal anti-Hsp70 antibody (Stressgen Biotech Corp, Victoria, BC). Blots were incubated with horseradish peroxidase-conjugated secondary IgG (Roche, Laval, Quebec) and detected using an ECL chemiluminescence kit (Amersham, Baie d'Urfé, Quebec), as described by the manufacturer. The resulting chemiluminescence was detected using a Fluorchem imager (Alpha Innotech Corp, San Leandro, CA, USA).
RESULTS
30C can maintain heat-denatured LUC in a foldingcompetent state
In the present study we determined whether LUC heat denatured in the presence of Xenopus 30C could be refolded in RRL, a source of chaperones including Hsp40, Hsc70, Hsp90, and TRiC (Nimmesgern and Hartl 1993; Lee et al 1997; Minami et al 2000) . Whereas the enzyme activity of LUC previously maintained at 22ЊC increased slightly over time to approximately 116% after the addition of RRL, LUC heat treated alone at 42ЊC for 15 minutes or in the presence of a 30-fold molar excess of bovine serum albumin (BSA) regained only about 10% enzyme activity after 90 minutes (Fig 2) . In contrast to these latter results, LUC heat denatured in the presence of 30C displayed 80-90% enzyme reactivation after 90 minutes of incubation with RRL. The refolding and reactivation of LUC enzyme activity was ATP dependent because there was little LUC reactivation in the absence of exogenously added ATP. RRL was not able to reactivate LUC if 30C was added after heat treatment (data not shown).
The effect of different monomer molar ratios of 30C to LUC on the ability of 30C to maintain the target enzyme in a folding-competent state is shown in Figure 3 . Heat denaturation of LUC in the presence of 30C at a 30C-LUC molar ratio of 1:1 resulted in only 15% LUC enzyme reactivation, a level only slightly more than LUC alone. LUC refolding increased with increasing 30C to LUC molar , and heat denatured at 42ЊC or kept at 22ЊC (ࡗ) for 15 minutes. Samples were adjusted to 60% RRL and 6 M adenosine triphosphate (ATP), and incubated at 30ЊC for various periods of time. LUC activity was assayed as described in ''Materials and Methods.'' Some samples were heat treated without 30C (Ⅲ) or assayed without ATP (᭡). The data are calculated as a percentage of the activity of unheated LUC at 0 minute, and expressed as the mean of 4-6 trials Ϯ SE.
Fig 3.
The effect of different amounts of recombinant Hsp30C (30C) during heat denaturation on luciferase (LUC) enzyme reactivation in vitro. LUC (0.2 M) was heat denatured at 42ЊC with various molar quantities at 30C-LUC molar ratios, as indicated beside each curve. LUC activity was assayed after incubation with reticulocyte lysate and adenosine triphosphate, as described in ''Materials and Methods.'' All data are expressed as a percentage of the activity of native LUC and shown as the mean Ϯ SE.
ratios from 3:1 to 30:1. A further increase in the 30C-LUC molar ratio to 50:1 caused a slight decline in the relative level of the LUC enzyme reactivation at 90 minutes, and compared with the 30:1 ratio.
LUC heat denatured in the presence of 30C can be refolded in vivo after microinjection into Xenopus oocytes
In the preceding experiments LUC heat denatured in the presence of 30C was refolded in RRL, a heterologous in vitro system. In order to examine this phenomenon in a homologous in vivo system, we developed a novel chaperone assay employing Xenopus oocytes. The large size of the Xenopus oocytes (1-mm to 1.1-mm diameter) has made them ideal for various microinjection studies (Heikkila 1990) . Previously, it has been shown that Xenopus oocytes contain Hsp70 and Hsp90, but do not contain detectable levels of Hsp30 protein or messenger ribonucleic acid (mRNA) (Bienz 1984; Krone et al 1989; Uzawa et al 1995; Ali et al 1998; Tam and Heikkila, personal communication) . To determine whether Xenopus oocytes could be used in an in vivo chaperone assay, LUC was heat denatured alone or in the presence of either BSA or 30C, followed by microinjection of 26.7 nL of the mixtures (containing 1.38 fmol LUC) into Xenopus oocytes and incubation at 22ЊC for up to 90 minutes. Whereas LUC heat treated alone or in the presence of BSA regained less than 10% enzyme activity, LUC heat treated with 30C reactivated to almost 100% enzyme activity after 40 minutes (Fig 4) . This latter LUC reactivation level was higher than the value of 80-90% routinely found with RRL after 90 minutes. Microinjection of higher amounts of LUC (10.12 fmol) plus 30-fold 30C resulted in only 35% enzyme reactivation relative to unheated LUC alone (data not shown). It is likely that microinjecting these higher amounts of LUC and the accompanying 30C may overload the available chaperone folding machinery in the oocyte. Similar to the in vitro studies with the RRL system, the optimum 30C to LUC ratio for LUC refolding in Xenopus oocytes was 30:1 (Fig 4) . A 1:1 30C-LUC molar ratio did not facilitate any detectable LUC refolding, whereas a ratio of 10:1 resulted in a reactivation of 45% LUC enzyme activity.
Chaperone activity of the isoform Hsp30D
The complete open reading frame of the Xenopus hsp30D gene was amplified by PCR and inserted into the p-RSETB-E coli expression vector. The Hsp30D-pRSETB vector was transformed into the E coli expression strain figure. (B) Prevention of heatinduced citrate synthase (CS) aggregation by 30D. Aggregation assays were carried out using the protocols described previously (Fernando and Heikkila 2000) . CS or luciferase (LUC) at 150 nM monomer concentrations was mixed with various molar amounts of 30D protein or incubated alone in a 50 mM N-2-hydroxythylpiperazine-NЈ-2-ethane-sulfonic acid-KOH (pH 7.5) buffer and heated at 42ЊC. Light scattering was determined at 10-minute intervals in a Beckman DU7 spectrophotometer at 320 nm. An increase in absorbance was indicative of protein aggregation. Data are representative of 4-6 trials and were calculated as a percentage of the maximum aggregation of CS or LUC after 60 minutes and expressed as the mean Ϯ SE. CS was heat treated alone (ࡗ, 0. BL21(DE3)pLysS and induced with IPTG. Recombinant 30D was detected in bacterial lysates by SDS-PAGE after 5 hours of IPTG treatment (Fig 5A) . Maximum accumulation of 30D occurred after 20 hours of induction. Bacterial lysates were subjected to nickel affinity column chromatography to purify 30D. Recombinant 30D was recovered as large multimeric complexes (data not shown) as found previously with 30C (Fernando and Heikkila 2000) . The ability of 30D to function as a molecular chaperone was analyzed by means of CS and LUC thermal aggregation assays. Heat-induced aggregation of CS, as determined by the amount of light scattering at 320 nm, developed rapidly and irreversibly at 42ЊC (Fig 5B) . Incubation with equimolar amounts of 30D resulted in a 50% decrease in aggregation over the same time period. At a 5:1 molar ratio of 30D-CS, aggregation was reduced by at least 90%. The chaperone activity of 30D was ATP independent because the addition of ATP to the assay had no effect (data not shown). In contrast to 30D, incubation of IgG with CS at a molar ratio of 5:1 did not inhibit CS aggregation. Moreover, incubation of LUC alone or in the presence of IgG at 42ЊC resulted in rapid aggregation to maximal levels after 50-60 minutes (Fig 5C) . In contrast, inclusion of 30D with LUC at 5:1 and 10:1 molar ratios during heat treatment inhibited the heat-induced aggregation of LUC by 60% and 75%, respectively, after 60 minutes.
In RRL refolding assays LUC heat denatured with 30D at a 30D-LUC ratio of 30:1 displayed 43% enzyme reactivation after 90 minutes of incubation with RRL ( Fig 6A) . In contrast, LUC heat denatured in the presence of 30C regained 80-90% enzyme activity. Higher or lower 30D-LUC ratios did not result in enhanced LUC enzyme reactivation (data not shown). In microinjected Xenopus oocytes, LUC heat treated with 30D reactivated to almost 100% enzyme activity after 90 minutes (Fig 6B) . In comparison, heat treatment of LUC with 30C required only 40 minutes to reach this level in the microinjected oocytes. These results indicate that both Xenopus small Hsps can function as molecular chaperones, but that 30C is more efficient than 30D in preventing heat-induced aggregation of LUC as well as in maintaining it in a foldingcompetent state.
Carboxyl-terminal end of 30C is necessary for chaperone activity
In a previous study we determined that the mutant N-30C, which had 17 amino acids deleted from the N-ter- minal end of 30C, behaved in a similar fashion to fulllength 30C in inhibiting heat-induced aggregation of CS and LUC (Fernando and Heikkila 2000) . However, removal of the last 25 amino acids from the carboxyl end severely affected the ability of 30C to prevent heat-induced aggregation of the target protein. In the current study these mutants were examined for their ability to maintain heat-denatured LUC in a folding-competent state using the RRL (Fig 7) and Xenopus oocyte systems (Fig 8) . Whereas LUC heat treated in the presence of N-30C regained approximately 80% of its enzyme activity, LUC heat denatured with C-30C recovered only 30%. To determine whether the molecular chaperone functions of N-30C and C-30C mutants were affected by varying the Hsp-LUC molar ratios, LUC was heat denatured with various amounts of N-30C or C-30C, and then refolded with RRL. Similar to 30C, the optimum molar ratio for N-30C to LUC was 30:1 (data not shown). Finally, varying the molar ratio of C-30C to LUC from 5:1 to 50:1 resulted in LUC enzyme activity values of only 18-30% (data not shown). The molecular chaperone functions of N-30C and C-30C were also analyzed in vivo using the Xenopus oocytes microinjection system. When LUC heat denatured with N-30C was injected into oocytes, almost all of the original LUC activity recovered within 1 hour (Fig 8) . This level of LUC enzyme activity was much greater than the 25% reactivation found with C-30C after 90 minutes.
All these findings paralleled the results achieved with the in vitro RRL system.
30C maintains LUC in a folding-competent state after chemical denaturation
Additionally, this study assessed the ability of 30C, N-30C, and C-30C to maintain LUC in a folding-competent state after chemical denaturation. In this analysis LUC was treated with 0.5 M guanidinium hydrochloride (GuHCl) for 1 hour at 22ЊC in the presence or absence of 30C, and then incubated with RRL and ATP at 30ЊC. Whereas chemically denatured LUC regained only 33% of its enzyme activity, LUC denatured in the presence of 30C was completely reactivated in RRL after 90 minutes (Fig 9) . Only basal LUC enzyme activity was detected when 30C was added after chemical denaturation. This finding was similar to what was observed with heat inactivation of LUC. As shown in Figure 9 , N-30C was able to maintain LUC in a folding-competent state, whereas LUC chemically denatured in the presence of C-30C regained less than 44% enzyme activity. Similar results were found using the Xenopus oocyte refolding system (data not shown). Thus, the C-terminal end is required for the maintenance of LUC in a refoldable state after chemical denaturation. 1 and 4) , N-30C (lanes 2 and 5), or C-30C (lanes 3 and 6). Samples were then incubated with RRL at 30ЊC for either 0 minute (lane 1-3) or 40 minutes (lanes 4-6). LUC and associated complexes were immunoprecipitated using an anti-LUC antibody and immunoblot analysis with an anti-30C antibody. (C) LUC heat denatured with 30C associates with Hsc70 during refolding. Hsp30C (6 M) was incubated alone at either 22ЊC (lane 1) or 42ЊC (lane 2), or with LUC (0.2 M) at 22ЊC (lane 3) or at 42ЊC (lane 4) for 15 minutes. LUC incubated alone at 42ЊC is shown in lane 5. The samples were combined with RRL and adenosine triphosphate and kept at 30ЊC for 20 minutes. Samples were subjected to immunoprecipitation using rabbit polyclonal anti-30C and immunoblot analysis with mouse monoclonal anti-Hsp70 antibody.
Association of 30C with heat-denatured LUC during enzyme reactivation
Another question addressed in this study was whether 30C remained associated with LUC during the refolding process. Because the LUC protein levels used with the Xenopus oocyte microinjection system were very low, this analysis was carried out with RRL. In these experiments LUC was maintained at either 22ЊC or 42ЊC for 15 minutes in the presence of 30C, followed by incubation with RRL and immunoprecipitation with an anti-LUC antibody. The protein complexes were recovered, separated by SDS-PAGE, blotted, and reacted with anti-30C antibody. As shown in Figure 10A , 30C did not associate with LUC after incubation at 22ЊC (Fig 10, lane 1) , but did show minimal association during incubation with RRL at 30ЊC (Fig 10, lane 2) . In contrast, 30C strongly associated with LUC after heat treatment at 42ЊC and then remained associated with LUC during the refolding process up to at least 90 minutes during which maximal enzyme reactivation occurred (Fig 10, lanes 3-6) . N-30C demonstrated a similar association with LUC during enzyme reactivation (Fig 8B, compare lanes 2 and 4) . Interestingly, C-30C displayed reduced binding ability to LUC, both prior to and during incubation with RRL (lanes 3 and 6).
To determine whether the 30C-LUC complex interacted with Hsc70 in RRL, 30C-LUC complexes were immunoprecipitated from refolding reaction mixtures with anti-30C antibody and subjected to SDS-PAGE and immunoblot analysis utilizing a mouse monoclonal anti-Hsp70. In these experiments, Hsc70 did not coimmunoprecipitate with 30C that was previously kept at 22ЊC (Fig 10C, lane  1) or heated to 42ЊC (Fig 10C, lane 2) prior to incubation with RRL. Also, no Hsc70 band could be detected in reaction mixtures in which LUC was kept at 22ЊC (Fig 10C,  lane 3) or when LUC was heat denatured without 30C (Fig 10C, lane 5) before RRL addition. Hsc70 association with 30C was observed only in RRL samples when LUC was previously heat denatured in the presence of 30C ( Fig  10C, lane 4) .
DISCUSSION
In the present study we demonstrated that LUC heat treated or chemically denatured in the presence of 30C recovered up to 90% of the original enzyme activity, after incubation in a RRL refolding system. In contrast, LUC denatured alone or in the presence of BSA regained only 10% enzyme activity. To investigate chaperone activity in an in vivo homologous system, we developed a novel Xenopus oocyte assay system. Because this large cell (equivalent to 200 000 somatic cells) is amenable to microinjection, it has been used in a wide variety of assays, including transcription of DNA, translation of mRNA, analysis of trans-acting factors, and protein biochemistry (Heikkila 1990) . Interestingly, LUC enzyme reactivation in the presence of 30C occurred more rapidly after microinjection into Xenopus oocytes than in the RRL system. For example, almost 100% of the injected LUC was refolded in vivo within 40 minutes, compared with 80-90% after 1 hour in the RRL. One reason for this difference may be the better recognition of the 30C complexes by the homologous Xenopus protein-folding chaperones. Similar to plant and mammalian small Hsps (Lee et al 1995 (Lee et al , 1997 Ehrnsperger et al 1997b) , Xenopus 30C does not have the ability to refold heat-denatured LUC on its own. Hence, our observations indicate that 30C functions as a molecular chaperone not only by inhibiting irreversible protein aggregation (Fernando and Heikkila 2000) but also by maintaining target proteins in a folding-competent state.
The ability of 30C to function as a molecular chaperone and maintain LUC in refoldable form was optimal at a 30C to LUC molar ratio of 30:1 in the RRL and Xenopus oocyte systems. It is likely that 30C is interacting with LUC as a multimeric complex because size-exclusion chromatography indicated that 30C was present as 800-900 kDa complexes which may contain up to 30-35 molecules each (Fernando and Heikkila 2000) . Interestingly, whereas a 30-fold molar excess of Xenopus 30C was required to maintain LUC in an optimal refolding-competent state, only a 5-fold molar excess of 30C was sufficient for maximal inhibition of heat-induced LUC aggregation (Fernando and Heikkila 2000) . It is possible that individual 30C multimeric complexes are capable of maintaining only a limited number of LUC molecules in a foldingcompetent state, but can protect more target protein from aggregating. If this speculation is correct, then it may reflect the greater importance of preventing heat-induced protein aggregation and possible cell death over protein refolding.
Xenopus Hsp30D was more effective in the inhibition of heat-induced aggregation of CS than in protecting LUC. For example, a 5:1 molar ratio of 30D to target protein inhibited heat-induced aggregation of CS by 80-90%, and of LUC by only 60%. In contrast, our previous studies with 30C demonstrated that under the same conditions, LUC and CS were both protected by over 90% (Fernando and Heikkila 2000) . The ability of Xenopus 30D to maintain LUC in a folding-competent state was demonstrated in RRL and Xenopus oocyte microinjection refolding assays. In the RRL assay, LUC heat denatured alone displayed minimal enzyme reactivation, whereas LUC denatured with 30D recovered 43% enzyme activity compared with 80-90% with 30C. Whereas LUC heat denatured with 30D regained 100% enzyme activity in the Xenopus oocyte assay, the time required was more than twice that of 30C. These results suggest that 30C may be a more effective molecular chaperone than 30D in preventing LUC thermal aggregation and in maintaining heat-denatured target proteins in a folding-competent state. It is likely that this difference in effectiveness resides at the amino acid sequence level. A comparison of 30D and 30C revealed a total of 19 amino acid differences, including 3 additional amino acids inserted in the N-terminal half of Hsp30D (Krone et al 1992) . One future approach will be to gradually and selectively mutate the amino acids of 30D to those found in 30C and to monitor the ability of the mutated 30D to maintain heat-denatured target protein in a folding-competent state. This type of approach may be feasible because studies with ␣A-and ␣B-crystallin revealed that a single amino acid change reduced their chaperone activity (Kumar et al 1999) .
In the present study we found that truncation of the Nterminal end of 30C did not have a major effect on its ability to maintain heat-treated or chemically denatured LUC in a folding-competent state. A similar result was obtained with murine Hsp25 in which removal of 33 amino acids from the N-terminal end did not alter its ability to act as a molecular chaperone in the refolding of chemically denatured CS (Guo and Cooper 2000) . In contrast to N-30C, deletion of the last 25 amino acids from the Cterminal of Xenopus 30C severely reduced its ability to facilitate LUC refolding in RRL and Xenopus oocytes, regardless of the amount of C-30C added. Similarly, cleavage of the C-terminal end of ␣A-crystallin severely reduced its ability to protect target protein against heatinduced aggregation (Takemoto et al 1993) . Most small Hsps including Xenopus Hsp30C contain a short, highly polar and flexible C-terminal extension that is variable in sequence and in length (Carver et al 1992 (Carver et al , 1995 Ehrnsperger et al 1997b) . Previously, we have shown that this C-terminal extension is required for the enhanced solubility of 30C and its target protein (Fernando and Heikkila 2000) . The importance of the C-terminal end of small Hsps in vivo was shown by the finding that the enhanced stress resistance of monkey cells by transfected Drosophila Hsp27 was lost when the C-terminal was deleted (Mehlen et al 1993) . In contrast to the present results, truncation of the C-terminal extension of C elegans Hsp16-2 had no effect on its chaperone activity (Leroux et al 1997) . Also, although the removal of 18 amino acids from the C-terminal end of mouse Hsp25 reduced its chaperone activity in inhibiting ␣-lactalbumin precipitation following reduction with DTT, this mutant performed in a similar fashion to the wild-type small Hsp in a CS thermal aggregation assay (Lindner et al 2000) . Although the reasons for these differences are not known, our results are consistent with a number of studies outlining the importance of the Cterminal tails of small Hsps for stabilization and solubilization of complexed and uncomplexed Hsps and ␣-crystallins (Smulders et al 1996; Ehrnsperger et al 1997b; Carver and Lindner 1998; Lindner et al 1998 Lindner et al , 2000 .
In this study, Xenopus 30C did not interact with native LUC, but did associate with heat-denatured LUC. Furthermore, this association between Xenopus 30C and LUC was detectable throughout the refolding period in RRL. This finding indicates that Xenopus 30C remains complexed with LUC as it undergoes folding by ATP-dependent folding chaperones in RRL. Whereas the N-terminal 30C mutant, N-30C, associated with heat-denatured LUC to a similar extent as 30C, C-30C had reduced affinity for this target protein. This may suggest the involvement of the C-terminal extension in complex formation with unfolded, unstable proteins. This hypothesis is supported by other studies showing that, upon interaction with substrates, the C-terminal tail of ␣B-crystallin loses its flexibility (Carver et al 1995; Lindner et al 1998) . Finally, the present study found that Hsc70 was coimmunoprecipitated, using an anti-30C antibody, only from RRL mixtures containing LUC previously heated in the presence of 30C. Lee et al (2000) reported a similar result using plant small Hsp18.1. These findings support current models in which small Hsps bind to unfolded proteins, inhibit aggregation, and present them to other chaperones for ATP-dependent refolding (Carver et al 1995; Ehrnsperger et al 1997a; Lee et al 1997 Lee et al , 2000 Veinger et al 1998; Fernando and Heikkila 2000) .
In conclusion, we have shown that Xenopus 30C and 30D act as molecular chaperones not only by inhibiting stress-induced protein aggregation but also by maintaining heat-or chemically denatured LUC in a folding-competent state. With Hsp30C these functions required the presence of the C-terminal end. Finally, this study demonstrates for the first time the ability of Xenopus oocytes to be used as an in vivo chaperone assay system. The ability to microinject proteins and mRNA (eg, Hsc70, Hsp40) into Xenopus oocytes may prove valuable in the study of in vivo chaperone-target protein interactions in the future.
